1. Introduction {#S1}
===============

Spinal cord injury (SCI) is one of the most devastating neurological conditions that often causes severe motor and/or sensory deficits in patients. Current managements such as surgeries and physical therapies could only modestly improve patients' conditions, and leave many patients wheelchair-bound for the rest of their life. Transplantation of neural stem/progenitor cells (NSCs/NPCs) is a novel therapy and has shown promising results in repair and regeneration of lost neural tissues and restoration of neurological deficits ([@R68]; [@R77]; [@R71]; [@R70]). In most reports, human NSCs/NPCs were derived from either fetal brain, spinal cord ([@R21]; [@R69]; [@R49]), or human embryonic stem cells (hESCs) ([@R36]; [@R72]). These cell sources often have ethical controversies. In addition, they are allogenic, which cause immune rejection and require lifetime immunosuppression.

Patient specific induced pluripotent stem cells (iPSCs) could overcome these hurdles as a potential source for cell-based therapy. Generally, iPSCs are produced from patients' somatic cells such as dermal fibroblasts, keratinocytes, and blood cells by transient overexpression of four transcription factors, OCT4, SOX2, KLF4 and C-MYC (OSKM) ([@R74]; [@R75]; [@R88]). iPSCs share almost identical properties with hESCs with additional advantages. iPSCs possess unlimited self-renewal capacity and have the potential to manufacture pure and homogenous neural progeny populations in large quantities. In addition, iPSCs offer genetically matched autologous cell source, which might omit the necessity of using immune suppression drugs. These characteristics set the basis for iPSCs to be a major promising candidate for cell-based replacement therapy.

Many reprogramming methods have been rapidly developed to induce a variety of somatic cell types into iPSCs since its invention. The most classical method is infection with retroviruses or lentiviruses. However, both lentivirus and retrovirus integrate into the genome of cells, while effective and sufficient in basic research, neither is suitable for clinical uses due to potential tumorigenicity risks. To avoid the side effects, non-integrating protocols using episomal vectors, Cre-lox system, piggybac vectors, minicircles, recombinant proteins, messenger RNAs, microRNAs, and small molecules, have recently been reported ([@R16]; [@R35]; [@R37]; [@R73]; [@R81]; [@R89]; [@R94]; [@R33]; [@R80]; [@R2]; [@R62]; [@R30]), which have shown variable yields and reproducibility. Recently, Sendai viruses have been established and shown to be able to reprogram dermal fibroblasts, CD34+ hematopoietic cells and urine derived cells ([@R26]; [@R86]; [@R1]; [@R65]). As negative sense RNA viruses, Sendai viruses do not integrate into the genome of human cells and are non-pathogenic to humans ([@R26]; [@R4]; [@R51]). Most importantly, unlike several other non-integrating reprogramming methods, the reported reprogramming efficiency of Sendai viruses has been high and consistent ([@R44]).

Several somatic cell types have been commonly used for iPSC reprogramming such as fibroblasts or keratinocytes from skin biopsies, lymphocytes and CD34+ hematopoietic stem cells harvested from blood ([@R85]; [@R53]; [@R86]). Recently, cells derived from urine were reported to be able to be reprogrammed into iPSCs ([@R95]; [@R78]; [@R27]; [@R1]; [@R65]). Urine can be easily obtained from patients via non-invasive procedures and only 100 mL of urine is sufficient for isolation, culture, and subsequent reprogramming. Therefore, urine cells are a viable somatic cell source for iPSC reprogramming in clinical settings.

Protocols for directed neural induction of human iPSCs have been widely adapted and optimized ([@R15]; [@R90]; [@R52]; [@R64]). However, due to the heterogeneity of NSC/NPC differentiation, it is difficult to obtain pure NSC/NPC populations. Residual undifferentiated iPSCs pose perceived risks of tumorigenicity after transplantation. The contamination of cells skewing from the originally desired lineage during differentiation might interfere with neural differentiation or confound data interpretation. To overcome this obstacle, one strategy is to generate lineage reporters of fluorescent proteins compatible with fluorescence-activated cell sorting (FACS) purification. Although several neural lineage reporters have been developed ([@R66]; [@R84]; [@R43]; [@R59]; [@R93]), these reporters cannot be applied directly to clinical settings. A more straightforward methodology is to identify lineage specific cell surface markers to sort for NPCs from differentiated iPSCs, such as a quadruple sorting strategy of CD184^+^/CD271^−^/CD44^−^/CD24^+^ ([@R90]). While the above approach is effective, a simpler sorting method is desirable to facilitate the clinical application of iPSC-derived neural cells.

A2B5 is a commonly used antibody which recognizes a glycoganglioside that is specifically expressed on the cell surface of neural lineage cells. Previously, A2B5 has been used to identify glial progenitors in mouse and rat embryos ([@R63]). A2B5 also labels glial progenitors in human fetal brain derived neural cells ([@R23]; [@R54]; [@R55]; [@R46]; [@R47]; [@R8]; [@R82]).

In the present study, we reported a simple and effective protocol to generate patient specific neural populations for clinical application. We first isolated cells from patients' urine, and reprogrammed the urine cells into iPSC cells (named as U-iPSCs) with the non-integrating Sendai viral vectors. After neural differentiation and purification with A2B5, a neural progenitor cell population was obtained. The purified A2B5+ progenitor cells were able to proliferate for at least 10 passages and differentiate into both neurons and glial cells in vitro. Importantly, these NPCs survived and integrated well after transplantation into the injured spinal cord. These results suggest that NPCs derived from patients' U-iPSCs are a valuable source of cell based therapy for SCI.

2. Materials and methods {#S2}
========================

2.1. Collection and culture of urine cells {#S3}
------------------------------------------

Urine samples were collected as previously described ([@R92]) with approval from Institutional review board committee. Briefly, about 100 mL of fresh, clean-catch urine samples from each patient or healthy donor ([Table 1](#T1){ref-type="table"}) was collected, spun down and plated onto one well of a 24-well tissue culture plate. Cells were cultured in urine cell medium consisting of equal volume of keratinocyte serum-free medium and DMEM supplemented with 10% fetal bovine serum with antibiotic antimycotic (all from Life Technologies). The cells from the urine ([Table 2](#T2){ref-type="table"}) were confirmed to express mesenchymal stem cell (MSC) markers such as CD29, CD73, CD90, CD105, and CD146, but were negative for hematopoietic stem cell markers, such as CD31, CD34 and HLA-DR ([@R92]). Hence, we named these cells as urine stem cells (USCs). USCs were passaged in a 1:4 ratio every 4--5 days. It usually took 2--3 weeks from the day of urine collection to obtain sufficient number of USCs at passage 2 or 3 for reprogramming.

2.2. Reprogramming patient USCs into iPSCs using Sendai viruses {#S4}
---------------------------------------------------------------

To generate iPSCs, USCs were infected with Sendai virus Cytotune Reprogramming Kit (Life Technologies) containing four Yamanaka factors, OCT4, SOX2, KLF4, and c-MYC (OSKM). To evaluate the reprogramming efficiency of USCs, human dermal fibroblasts were also infected in parallel for comparison. Two days before transduction, USCs or fibroblasts were plated onto one well of a 24-well plate at a density of approximately 2 × 10^4^/cm^2^. On the day of transduction, 25 μL or ¼ of the volume from the original tube of each factor (OSKM) was added onto cells in each well. Twenty-four hours after transduction Sendai viral vector containing medium was replace by fresh medium. On Day 5 post transduction, cells were replated onto irradiated mouse embryonic fibroblast (MEF) feeder layer at a density of 1-- 2 × 10^5^ cells/cm^2^. Culture medium was switched to human iPSC medium containing DMEM-F12, 20% knockout serum replacement, 1% non-essential amino acid, 55 μM 2-mercaptoethanol, 2 mM L-glutamine, supplemented with 12 ng/mL basic FGF. iPSC colonies started to form at day 11 (for USCs) or day 16 (for fibroblasts) post transduction. Colonies were manually picked and transferred to new MEF plates at day 16 or 21 respectively. iPSCs were passaged with Dispase (1 mg/mL, Life Technologies) in a 1:4 ratio every 4-- 5 days. Karyotype was examined every 10 passages. iPSCs were transferred to MEF conditioned medium and later adapted to TeSR-E8 medium (Stem Cell Technologies) for feeder free culture and passaged every 4-- 5 days in a 1:4-- 1:6 ratio using 0.5 mM EDTA. For convenience, iPSCs derived from USCs were named U-iPSCs.

2.3. Monitoring the clearance of Sendai viral components in reprogrammed iPSCs with RT-PCR {#S5}
------------------------------------------------------------------------------------------

Total RNA was extracted from iPSCs using Quick-RNA miniPrep kit (Zymo Research). One microgram of total RNA was reverse transcribed to cDNA using the SuperScript III First-Strand Synthesis System (Life Technologies). Primer sequence for Sendai vector expression according to manufacturer instruction is the following: SeV Forward: 5′ GGATCACTAGGTGATATCGAGC 3′ and Reverse: 5′ ACCAGACAAGA GTTTAAGAGATATGTATC 3′ with expected size of PCR products of 181 bp. GAPDH was used at an internal control. The primers for GAPDH expression were: Forward: 5′ TTTTAACTCTGGTAAAGTGG 3′ and Reverse: 5′ TGTCATACTTCTCATGGTTC 3′. The expected size of the PCR products was 359 bp. PCR was performed using the following conditions: 98 °C for 2 min, 35 cycles of 98 °C for 20 s, 59 °C for 20 s, 72 °C for 30 s, with a final extension at 72 °C for 5 min.

2.4. Differentiation of USC-derived iPSCs into neural progenitor cells {#S6}
----------------------------------------------------------------------

Patient USC-reprogrammed iPSCs were digested into small clumps using 0.5 mM EDTA. Small clumps were then transferred to Corning Petri dishes and suspended as embryoid bodies (EBs) in iPSC medium for 8 days without basic fibroblast growth factor (bFGF) as previously described ([@R52]). EBs were then seeded onto cell culture plates in neural induction medium containing DMEM/F12 with Glutamax, 1× NEAA, 1× N2, and bFGF (20 ng/mL). After 2-- 3 days, neural rosettes were manually isolated and dissociated into single cells. The cells were expanded in Neurobasal medium supplemented with 1× NEAA, L-Glutamine (2 mM), 1× B27, and bFGF (20 ng/mL).

2.5. Purification of A2B5+ cells by fluorescence activated cell sorting (FACS) {#S7}
------------------------------------------------------------------------------

Purification of A2B5+ cells was carried out as described previously ([@R47]). Briefly, upon completion of directed differentiation of iPSCs, cells were harvested using Accutase and resuspended in 1% fetal bovine serum (FBS) in 1× phosphate buffered saline (PBS) at a concentration of 5-- 10 × 10^6^ cells/mL. Cells were then stained with anti-A2B5 antibody, followed by a FITC-conjugated secondary antibody, and purified using a FACSAria II cell sorter system (BD) at 4 °C, at a rate of 2500 cells/s. The sorted cells were re-examined by FACS for the percentage of A2B5+ and TRA1-81+ cells to determine purity. All experiments were done in triplicate.

2.6. Immunocytochemistry {#S8}
------------------------

A2B5+ cells were characterized by immunocytochemistry ([@R47]). Briefly, cells grown on glass coverslips were fixed with 2% paraformaldehyde and incubated in blocking buffer (5% goat serum, 1% bovine serum albumin, and 0.1% Triton X-100) for 30 min. Cells were then incubated in primary antibodies diluted in blocking buffer at 4 °C overnight. Appropriate secondary antibodies were used for single and double labeling. All secondary antibodies were tested for cross-reactivity and nonspecific immunoreactivity. The following primary antibodies were used, OCT4 (1:500, Abcam), SOX2 (1:200, R&D Systems), SSEA4 (1:10, Developmental Studies Hybridoma Bank, DSHB), TRA1-81 (1:100, Millipore), A2B5 (1:20, ATCC), β3 tubulin (1:1000, Sigma), HB9 (1:10, DSHB), GABA (1:200, Sigma), NG2 (1:200, Millipore), PDGFRα (1:200, BD), CD44 (1:200, Millipore), S100B (1:200, Sigma), GFAP (1:4000, DAKO), huNA (1:200, Millipore), NFM (1:200, Sigma), MAP2 (1:200, Sigma). Bis-benzamide (DAPI, 1:1000; Sigma) was used to visualize the nuclei. Images were captured using a Zeiss Axiovision microscope with z-stack split view function.

2.7. Classification of A2B5+ cells based on gene expression profiling {#S9}
---------------------------------------------------------------------

To characterize A2B5+ cells based on gene expression, RNA-seq data of several related cell types were retrieved or produced. Data of hESC (WA01 replicates 1, 2 and 3) were retrieved from ENCODE project ([@R20]). Data of neural precursor cells (N2) were from our previous study ([@R83]), and data of human foreskin fibroblasts were obtained from human body map 2.0 project ([@R24]). For USCs collected from two patients (hB35, hK3) the 100 bp paired-end RNA-seq was carried out as previously described ([@R17]). For A2B5+ cells, Illumina gene expression microarrays using BeadArray technology was performed. Illumina microarray data were first filtered to select probe sets that were called in at least one cell type (with p-value b 0.05 in at least one sample). Probes were then mapped to gene symbols. In the case that multiple probe sets mapped to one gene, the probe set with the greatest standard deviation of expression across cell types was selected. This analysis led to 18,969 unique genes for the subsequent clustering and correlation analysis. In order to compare expression from two platforms, RNA-seq and microarray, expression value was normalized by dividing average expression value from two platforms. Hierarchical cluster analysis for relationship discovery among cell types based on the above gene expression data was performed using the hclust method in R. A correlation matrix as well as a dendrogram indicated their similarities among cell types.

2.8. Transplantation of A2B5+ cells to a mouse model of injured spinal cords {#S10}
----------------------------------------------------------------------------

All animal care and surgical interventions were undertaken in strict accordance with the Public Health Service Policy on Humane Care and Use of Laboratory Animals, Guide for the Care and Use of Laboratory Animals, and with the approval of both Animal Welfare Committee and institutional biosafety committee at the University of Texas Health Science Center at Houston.

Surgical procedures were performed as described previously ([@R10]; [@R11]; [@R13]). Briefly, after anesthetization with Ketamine (50--80 mg/kg BW, IP) and Xylazine (5--10 mg/kg BW, IP), adult severe combined immunodeficiency (SCID) mice received a dorsal laminectomy at the 9th thoracic vertebral level (T9) to expose the spinal cord and then a moderate contusion at 60 kdyne using Infinite Horizons (IH) impactor. At Day 9 post-injury, mice were re-anesthetized as above and the laminectomy site was re-exposed. Four injections were made at 1 mm cranial to, caudal to, and left and right of the lesion epicenter at a depth of 1.3 mm and 0.6 mm laterally from the midline. At each site, 1 μL of cell suspension was injected through a glass micropipette with an outer diameter 50-- 70 μL and the tip sharp-beveled to 30--50° at rate of 0.5 μL/min as described previously ([@R10]; [@R11]). Thus, a total of 400,000 cells were grafted into each injured spinal cord. The animals were euthanized 8 weeks after transplantation for analysis.

3. Results {#S11}
==========

3.1. Successful reprogramming of USCs into iPSCs by integration-free Sendai viral system {#S12}
----------------------------------------------------------------------------------------

USCs and skin fibroblasts collected from patients or healthy individuals were reprogrammed in parallel for comparison. After the initial isolation and culture, USCs were able to proliferate and could be passaged and stocked for further manipulation. These cells were densely-packed with a relatively simple and uniform morphology, resembling an epithelial cell origin ([Fig. 1A](#F1){ref-type="fig"}), in contrast to the spindle shape-like, stromal cell origin of fibroblasts.

The reprogramming efficiency of Sendai viral system on USCs ranged from 0.001% to 0.1% ([Table 1](#T1){ref-type="table"}), comparable with retroviral reprogramming in our labs ([@R18]). No obvious difference in reprogramming efficiency was noted between USCs and fibroblasts. However, USCs showed better reprogramming consistency compared to fibroblasts, as we only obtained a few iPSC colonies from fibroblasts in some cases. In addition, iPSC colonies appeared earlier from USCs than fibroblasts. By day 11 post transduction, USC derived-iPSC clones (named U-iPSCs) had started to form and appeared to be fully reprogrammed by day 16 as indicated by expression of pluripotency markers OCT4, TRA1-81, SSEA4, and NANOG ([Fig. 1F--M](#F1){ref-type="fig"}), whereas fibroblast-derived iPSCs were obtained at day 21, about 5 days later than USC-iPSCs. iPSCs reprogrammed by Sendai viruses exhibited typical iPSCs morphology that showed compact cells within colonies of distinct margin ([Fig. 1B--E](#F1){ref-type="fig"}). They could also be adapted to feeder-free, serum-free TeSR E8 medium and continued to maintain pluripotency and a normal karyotype ([Fig. 1N](#F1){ref-type="fig"}) for N60 passages during at least two years in culture.

To confirm that our Sendai virus reprogrammed U-iPSCs were integration-free, we monitored the expression of Sendai viral vectors in iPSCs with RT-PCR. Immediately after transduction, all clones showed positive expression of Sendai viral components. However, the expression gradually decreased as cells were passaged, was no longer detectable at passage 10, and remained negative for later passages ([Fig. 1O](#F1){ref-type="fig"}).

3.2. A2B5+ sorted cells resembled characteristics of neural progenitor cells {#S13}
----------------------------------------------------------------------------

We induced U-iPSCs along the neural lineage with neural differentiation medium ([Fig. 2A](#F2){ref-type="fig"}). Fourteen days after differentiation, N80% of cells expressed NPC markers SOX1 and PAX6 ([Fig. 2G, H](#F2){ref-type="fig"}). Although the majority of cells expressed NPC markers, a very small percentage of them (\<0.1%) still expressed TRA1-81, a pluripotency marker ([Fig. 2D, I](#F2){ref-type="fig"}), indicating the need for further purification to remove undifferentiated iPSCs. We chose A2B5, a cell surface ganglioside epitope, which has been used to label and purify neural lineage specific cells in mouse, rat and human ([@R23]; [@R54]; [@R55]; [@R46]; [@R47]; [@R82]). Based on flow cytometry data, about 80% of induced neural cells expressed A2B5 at day 15--30 prior to FASC sorting ([Fig. 2B](#F2){ref-type="fig"}). After sorting, 95%--99% of the induced cells were A2B5+, while no cells were TRA1-81+ as assessed by flow cytometry and immunocytochemistry ([Fig. 2E, M](#F2){ref-type="fig"}). Expression of SOX1 and Nestin on A2B5+ cells ([Fig. 2L](#F2){ref-type="fig"}) further confirmed these cells as NPCs. A2B5+ cells continued to proliferate in vitro and gave rise to a variety of neural cell types when cultured in appropriate differentiation medium. Under neuronal differentiation condition, the purified A2B5+ NPCs gave rise to a variety of neuronal subtypes ([Fig. 3A--C](#F3){ref-type="fig"}), including HB9 (MNX1)+ motor neurons and GABA+ neurons, all of which co-expressed the pan-neuronal marker β3 tubulin ([Fig. 3A--C](#F3){ref-type="fig"}). When induced toward the glial lineage, the A2B5+ sorted cells were able to give rise to NG2+ and PDGFRα+ oligodendrocyte progenitors ([Fig. 3D--E](#F3){ref-type="fig"}), and CD44 expressing astro-cyte progenitors and GFAP+/S100B+ astrocytes ([Fig. 3F--H](#F3){ref-type="fig"}). Thus, the A2B5+ sorted cells possessed NPC characteristics.

3.3. A2B5+ cells shared similar molecular signatures with NSCs/NPCs {#S14}
-------------------------------------------------------------------

To further characterize A2B5+ cells at the molecular level, we performed gene expression microarray analysis and retrieved or produced RNA-seq data on fibroblasts (hFB1, hFB2), USCs (hB35, hK3), NPCs (hN2 NPC), iPSCs (K7 iPS, NR1251 iPS, and UTY1 iPS), and hESCs (WA01 replicates 1, 2 and 3). The hierarchical clustering of the above cell types ([Fig. 4A](#F4){ref-type="fig"}) and the gene expression heatmap ([Fig. 4B](#F4){ref-type="fig"}) revealed most similar cell type groups. Notably, gene expression of A2B5+ cells generated from U-iPSCs was most similar to that of the previously characterized NPCs (hN2 NPC). iPSCs were clustered together regardless of their varied reprogramming methods (retroviruses for UTY1 iPS vs. Sendai viruses for NR1251 iPS). In addition, iPSCs generated from two different types of source cells (USCs for K7 iPS vs. fibroblasts for NR1251 iPS and UTY1 iPS) were also clustered together. The hESCs were clustered together as expected and were closely related to iPSCs. Lastly, as somatic cell types, fibroblasts and USCs were clustered together and were distant to iPSCs and NPCs.

3.4. A2B5+ NPCs gave rise to neurons and astrocytes after implanted to a mouse SCI model {#S15}
----------------------------------------------------------------------------------------

To test the in vivo survival and differentiation of A2B5+ NPCs, purified A2B5+ cells were grafted into the contused thoracic spinal cord of adult SCID mice ([Fig. 5](#F5){ref-type="fig"}). Eight weeks after transplantation, a significant number of the grafted A2B5+ cells survived around the injury epicenter as shown by the human nuclei (huNA) staining in the mouse host ([Fig. 5A, E, I](#F5){ref-type="fig"}). The grafted cells were found in the injury cavity as well as the rostral and caudal spared spinal cord. The grafted cells were observed among the spared neurons, astrocytes and axons in the gray and white matter and integrated well into the injured spinal cord. Many grafted cells have started to express neuronal marker MAP2 ([Fig. 5K, L](#F5){ref-type="fig"}), indicating that the grafted A2B5+ cells were able to differentiate into mature neurons in the injured host environment. In addition, a portion of the transplanted cells gave rise to GFAP+ astrocytes ([Fig. 5B, D, F, H, J, L](#F5){ref-type="fig"}), indicating that similar to in vitro differentiation, A2B5+ cells were multipotential in vivo after transplantation. Importantly, no tumor formation was observed in any animals during the 3-month post graft period.

4. Discussion {#S16}
=============

As a promising source for cell-based regenerative medicine, iPSCs have attracted intensive investigations for their potentials in treating SCI and other neurological conditions. Through meticulously designed protocols, iPSCs can be coaxed into a variety of specific cell types, including NPCs, motor neurons, interneurons, oligodendrocytes and astrocytes ([@R15]; [@R31]; [@R38]; [@R48]; [@R22]). These induced cells have been used to reconstruct in vitro disease models, serving as drug screening and testing platforms, and have been grafted to animal models to test their potential to participate in tissue regeneration or repair ([@R67]; [@R56]; [@R58]; [@R61]; [@R50]; [@R71]; [@R3]; [@R5]; [@R45]). Importantly, patient specific iPSCs provide autologous cell source, which theoretically omit the need for immune suppression.

To design realistic therapeutic strategies using patient-specific iPSC-derived NSCs/NPCs for the treatment of SCI, several critical issues remain to be addressed. First, iPSCs need to be transgene free and safe to be used in the clinics. Second, somatic cells for reprogramming should be convenient and easy to obtain. Third, it is important to develop a pipeline to differentiate iPSCs into NSCs/NPCs at high efficiency and high purity to avoid contamination of undifferentiated iPSCs and potential for tumorigenesis. Fourth, therapeutic efficacy of iPSC-derived NSCs/NPCs and their long-term safety in vivo after transplantation to SCI patients need to be comprehensively evaluated.

In the current work, we have attempted to address these issues. First, we have successfully generated of iPSCs from USCs, the cells that were derived from patients' urine, using an integration-free reprogramming protocol. In this protocol, reprogramming factors OSKM were delivered by Sendai viruses, a negative sense, single-stranded RNA virus that is non-pathogenic to humans. Sendai viruses have been safely used to carry vaccines in macaques ([@R76]), as well as deliver cystic fibrosis transmembrane conductance regulator (CFTR) gene to restore CFTR levels ([@R87]; [@R25]). Notably, consistent with previous efforts on Sendai viral reprogramming ([@R44]; [@R86]), our data showed that although Sendai viral vectors were initially detectable in iPSC clones of earlier passages, they were soon depleted as the cells were passaged ([Fig. 1O](#F1){ref-type="fig"}). Therefore, this protocol could largely eliminate potential long-term adverse effects due to integration of the transgenes or virus delivery.

Although several somatic cell types have been reported to be successfully reprogrammed into iPSCs, USCs display certain advantages. USCs can be easily obtained from a non-invasive, simple and low-cost approach, compared to fibroblasts and keratinocytes taken from skin biopsies, lymphocytes and CD34+ hematopoietic stem cells (HSCs) drew from peripheral blood ([@R19]), MSCs from bone marrow, or keratinocytes from hair follicles ([@R60]; [@R79]). It seems that a larger number of iPSC colonies could be generated from USCs compared to other somatic cell types ([@R27]). Furthermore, it takes considerably less time for USCs to be converted to iPSCs than for other cell types. For instance, it usually takes 1-- 3 months months to obtain usable dermal fibroblasts after a skin punch, another 2-- 3 months to reprogram and bank, and an additional 1-- 2 months to get neural lineage specific cells, mounting a total of 4-- 8 months. Therefore, it might not be practical to make use of patients' own isogenic iPSC derivatives to treat SCI at the acute phase, which is a critical window for effective treatment. On the other hand, by simply culturing the cells obtained from about 100 mL clean catch urine sample, one could harvest sufficient number of stem cells or somatic cells for the subsequent iPSC reprogramming experiments within 2-- 3 weeks. Compared to dermal fibroblasts, which need at least 21 days to be fully reprogrammed into iPSCs, the USCs can be reprogrammed within 14--16 days. Thus, sufficient iPSCs are usually obtained in 1-- 1.5 months after the initial urine sample collection, which greatly reduces the time needed for manufacturing the cells to be grafted. This is particularly important for SCI patients because the best timing for transplantation is probably at the acute or subacute stage. Taken together, iPSCs reprogrammed from USCs with Sendai viral vectors might open a new avenue toward applications in urgent clinical settings such as SCI and stroke. Furthermore, urine cells are a non-invasive resource which is more convenient and easier to access for reprogramming. Thus, urine cells are one of the optimal somatic cell resources to generate iPSCs.

One of the critical issues to apply iPSC-derived NPCs to the treatment of SCI or other neurological conditions is to obtain pure NPCs at high efficiency, which often requires both efficient differentiation protocol and reliable purification approach. In the current work, we successfully induced neural differentiation from human iPSCs with a modified protocol from previous studies ([@R42]; [@R32]; [@R91]; [@R64]). In addition, we established a method to purify NPCs using FACS with A2B5 antibody. Our results show that the purified NPCs possess characteristics of previously described NPCs from various sources ([Fig. 4](#F4){ref-type="fig"}) and are devoid of undifferentiated iPSCs. This is critical for potential clinical applications since undifferentiated iPSCs could form teratoma after in vivo transplantation.

NPCs/NSCs are commonly isolated by manually dissecting iPSC-derived neural rosettes formed in neural induction medium. Rosettes are dissociated into single cells or smaller clumps which are then cultured as floating neurospheres. Our results show that such an approach can enrich NSCs/NPCs from neural induction, but cannot completely deplete undifferentiated iPSCs ([Fig. 2D, I](#F2){ref-type="fig"}). The contaminated iPSCs in NSCs/NPCs might form teratomas after transplantation following SCI and may even worsen locomotor function of the recipient animals ([@R77]; [@R57]). The purified A2B5+ NPCs reported in this work are completely devoid of undifferentiated iPSCs ([Fig. 2E, M](#F2){ref-type="fig"}), and importantly, no teratoma was observed after these cells were transplanted into injured mouse spinal cords. Collectively, these results suggest that the purified A2B5+ NPCs are a safe and promising cell source for SCI treatment.

A2B5 is a well-known neural lineage marker. A2B5+ cells isolated from animals improve functional recovery after being grafted into SCI models ([@R12]; [@R40]; [@R34]; [@R29]; [@R7]; [@R28]). Interestingly, although iPSC-derived A2B5+ sorted cells showed neural lineage specific differentiation potential both in vitro and in vivo, they did not completely match the glial progenitor profile to their rodent counterpart. On the contrary, they behaved more like an NPC, as they were able to give rise to all three major lineages of neural populations, including neurons, oligodendrocytes and astrocytes. Indeed, at the molecular level, their genome-wide gene expression profile shared similarities with the previously defined NPCs derived from hESCs ([Fig. 4](#F4){ref-type="fig"}, previously published RNAseq data was retrieved from Gene Expression Omnibus GEO; accession number GSE20301) ([@R83]), consistent with the conclusion that A2B5+ cells derived from iPSCs have NPC characteristics.

Currently, no consensus on what types of neural cells derived from iPSCs would satisfy the clinical requirement for potential transplantation practices. Multiple types of cells, including NPCs, neuronal progenitors, and glial progenitors have been used individually or in combination ([@R36]; [@R14]; [@R77]; [@R6]; [@R41]; [@R9]; [@R71]). It has been noted that transplantation of a combination of rodent neuronal and glial progenitors exerted optimal effects in survival and functional improvement in SCI animal models ([@R39]; [@R6]). Usually, compared to postmitotic mature cells, immature cells are more competent to integrate and differentiate after being transplanted, while mature cells have very limited capacity of proliferation, differentiation or integration. On the other hand, cells of very primitive stages might form tumors due to the high capacity of proliferation. In addition, immature cells usually would not respond well to in vivo cues which direct the differentiation and migration of grafts. Proximal neural progenitors, i.e. NPCs, neuronal progenitors, or glial progenitors, which are pre-differentiated, lineage committed, will be able to follow in vivo cues and generate desired neural cells at the injury site. Like NPCs from human fetal brains, iPSC-NPCs are able to survive and differentiate into both neurons and glial cells, promoting functional recovery after SCI ([@R77]; [@R50]; [@R71]). In this work, we have focused on developing a pipeline of generating USCs to iPSCs and then to NPCs. We are currently further transitioning the platform to MEF-free and xeno-free system to better suit for clinical applications.

In summary, we have showed that USCs could be reprogrammed into iPSCs and further induced to NPCs followed by FACS purification using A2B5 antibody. iPSC derived A2B5+ NPCs were able to survive, integrate and differentiate in vitro and in the injured host spinal cord environment without tumor formation. The fact that the A2B5 antibody has been widely tested and used, and that the sorting protocols have been established allows a fast translation of our approach in SCI clinics in the near future.
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![Successful generation of iPSCs using cells derived from patients' urine. (A) Cells derived from patients' urine resemble the morphology of epithelial cells. (B--E) Phase images of human iPSCs (U-iPSCs) reprogrammed from urine cells from different patients by Sendai viruses. Typical morphology of human iPSC colonies is observed under phase contrast. The flat cells in panel E are MEF feeders. (F--M) iPSCs expresses pluripotent markers OCT4, SSEA4 and TRA1-81. (N) The human iPSCs also maintain a normal karyotype. (O) RT-PCR results of human iPSCs from two representative clones USC-K5 and K7 show that viral components are depleted after passage 10. Bar, 50 μm.](nihms908462f1){#F1}

![Differentiation and FACS purification of A2B5+ cells from U-iPSCs. (A) Scheme of our differentiation protocol. (B--C) Before sorting, about 80% of differentiated cells have A2B5 immunoreactivity; after A2B5+ sorting, 95--99% of cells are A2B5+. (D--E) On the contrary, the percentage of TRA1-81+ iPSCs is decreased to 0. (F--H) Before sorting, human iPSCs differentiate along neural lineage express A2B5, and NSC markers SOX1 and PAX6. However, a small percentage of cells express pluripotent marker TRA1-81 (I), indicating contamination of undifferentiated cells. (J--L) After A2B5+ sorting, cells maintain A2B5, SOX1 and NESTIN expression. (M) Most importantly, the undifferentiated TRA1-81+ cells have been depleted. Bar, F, I, J--M, 50 μm; G, H, 20 μm.](nihms908462f2){#F2}

![A2B5+ cells derived from patient U-iPSCs give rise to neurons and astrocytes. (A--C) A2B5+ sorted cells continue to proliferate and give rise to a variety of neuronal subtypes including HB9 (MNX1)+ motor neurons and GABA+ neurons, all of which co-express the pan-neuronal marker β3 tubulin. (D--E) A2B5+ sorted cells give rise to NG2+ and PDGFRα+ oligodendrocyte progenitors. (F--H) CD44+ astrocyte progenitors, GFAP+/S100B+ astrocytes are obtained from A2B5+ cells. Bar, A--D, 20 μm; E--H, 50 μm.](nihms908462f3){#F3}

![Genome-wide gene expression profiling of U-iPSC derived A2B5 cells and comparison of A2B5 cells to neural progenitor cells. (A) Dendrogram. (B) Heatmap. Global gene expression is compared for human fibroblasts (hFB1, hFB2), patient derived urine cells (USCs, hB35, hK3), iPSCs derived from patient fibroblasts (NR1251 iPS, UTY1 iPS), iPSCs derived from patient urine cells (U-iPSCs, K7 iPS), human embryonic stem cells (WA01 replicates 1, 2, and 3), NPCs derived from hESCs (hN2 NPC), and A2B5+ cells derived from U-iPSCs. Urine cell-derived, Sendai virus reprogrammed U-iPSC K7iPS clusters together with fibroblast-derived, Sendai virus-reprogrammed human iPSC line (NR1251iPS), and fibroblast-derived, retrovirus-reprogrammed human iPSC (UTY1 iPS), as well as previously characterized hESC line WA01 (replicates 1, 2, and 3). iPSC-derived A2B5+ NPCs, patient derived urine cells hB35 and hK3 cluster much closer to the human fibroblasts (hFB1, and hFB2) than to iPSCs or hESCs. Most importantly, A2B5+ NPCs cluster together with previously characterized hESC derived NPCs (hN2 NPC).](nihms908462f4){#F4}

![A2B5+ sorted cells derived from patient U-iPSCs give rise to neurons and astrocytes after being grafted to SCI mouse model. FACS purified A2B5+ cells are grafted into the contused thoracic spinal cord of adult mice. Eight weeks after transplantation, grafted human cells survive and integrate into the injured spinal cord as shown by the human nuclei staining (HuNA) (A, E, I). Some have matured to neurons and start to express neuronal marker NFM and MAP2 (C, H, K) some differentiate into GFAP+ astrocytes (B, F, J). Bar, A--D, 500 μm; E--H and I--L, 20 μm. E--H represent higher magnification images of the boxed areas in A--D.](nihms908462f5){#F5}

###### 

Basic information of iPSCs generated from SCI patients and healthy individuals for this study.

  Patient no.   Source             Age   Sex   Race        No. iPSC colonies
  ------------- ------------------ ----- ----- ----------- -------------------
  CSCL-27       Skin fibroblasts   50+   F     African     5
  CSCL-13       Skin fibroblasts   50+   M     Caucasian   10
  NR1251        Skin fibroblasts   50+   M     African     2
  CSCL-67       Skin fibroblasts   40+   M     Caucasian   1
  CSCL-14       Skin fibroblasts   20+   M     Caucasian   30
  CSCL-15       Skin fibroblasts   50+   M     Caucasian   50
  B35           USCs                     M                 28
  B36           USCs                     M                 19
  K5            USCs                     M                 17
  K7            USCs                     M                 70

###### 

Biological features of USCs, U-iPSCs and A2B5+ NPCs in culture.

                 USCs                                                                            U-iPSCs                                               A2B5+ NPCs
  -------------- ------------------------------------------------------------------------------- ----------------------------------------------------- ------------------------------------------
  Morphology     Rice-grain like                                                                 iPSC colony                                           
  Cell markers   CD29^+^, CD73^+^, CD90^+^, CD105^+^, CDI46^+^, CD31^−^, CD34^−^ and HLA-DR^−^   OCT4^+^, SOX2^+^, SSEA4^+^, TRA1-81^+^, and A2B5^−^   A2B5^+^, SOX1^+^, PAX6^+^ and TRA1-81^−^
